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Abstract

A moderate temperature hydrogen plasma has been developed for removal of chemical-
agent-resistant (CARC) propellant coatings, and the chemistry and morphology of the CARC
removal process has been investigated. A microwave-based plasma generator, producing a low-
temperature atomic beam was used to treat the samples. The plasma heats the sample only
10-20° C. Additional heat was supplied to maintain temperatures of 200-300° C. Helium and
hydrogen plasmas were studied in this effort. However, helium was not at all effective, showing
that atomic bombardment alone is not sufficient to remove the paint, and that chemical reactivity
is needed. One of the CARC paints studied, a conventional formulation, is on the qualified
products list, while the other two formulations are experimental. Paint variables that were
studied include: one- and two-pack formulations; moisture-cured and water-reducible
chemistries; aluminum with chromate, and steel with zinc phosphate conversion coatings; and
presence or absence of an adhesive epoxy sublayer. The samples were characterized by
microreflectance and photoacoustic Fourier-transform infrared spectroscopies. Heat treatment
to 300° C resulted in some degradation of the conventional CARC, but the experimental CARC
was mostly unaffected. The hydrogen plasma removed up to 50 weight-percent of the CARC
layers, but was much more effective in degrading the conventional formulation. Virtually all of
the urea, amine, and polyurethane (present in the resin as a prepolymer) functional groups were
removed by the H-plasma in the case of the conventional propellant, whereas in the experimental
paints, these groups were only slightly reduced.
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1. Background

Reducing the hazardous wastes generated in paint maintenance procedures for military vehicles
is imperative for compliance with Occupational Safety and Health Agency (OSHA) regulations. A
particularly effective means of paint removal (commonly referred to as depainting) is immersion in
methylene chioride, and for many years, this has been a standard method. However, methylene
chloride is unacceptable by current OSHA guidelines. The goal now is to rapidly develop new
technologies that will minimize volatile organic compounds (VOCs) and hazardous pollutants, with
a concommitant reduction in disposal cost. Across the Department of Defense (DOD), the problem
is huge. Within the Army alone, 2,000 tons of depainting wastes have been reported at 16 locations
for the Industrial Operations Command, the Army’s major producer of hazardous waste (Holst 1997).

The purpose of this effort is to determine the effectiveness of a mild-temperature hydrogen plasma
(less than 300° C) for removal of paints currently used on military vehicles, as well as for paints being
formulated for future use. To this end, paint samples are being characterized prior to, and after,
plasma treatment. Knowledge of the residue composition after treatment will assist in understanding
the plasma-paint interaction mechanisms and will provide a basis for altering the plasma properties
and improving paint removal. Both conventional and advanced formulations were studied in this
effort. Improved paint formulations may offer advantages of improved adhesion and are thus
attractive for vehicles and aircraft. However, improved adhesion can also render them difficult to
remove for periodic maintenance; thus, an understanding of the plasma interaction mechanisms

involved with fielded and candidate paint formulations is essential.

—
7 .

In hydrogen atom plasmas, catalytic depolymerizatioﬁ'cén occur by H-atom attack on carbon in
the polymer to produce a carbon-centered radical. Beta-scission of the radical results in formation
of a fragment and a new radical, allowing “unzipping” of a hydrocarbon backbone. If the fragment
generated is sufficiently large, recovery of products that can be readily recycled into monomers might
be possible, thereby reducing life-cycle costs. However, hydrocarbon chains are only one facet of

paint chemistry. Other bonds are a complex mixture of organic and inorganic chemistries that



influence the overall structure-property relationships. In this work, the effectiveness of mild-
temperature atomic hydrogen plasmas in breaking down the highly cross-linkable paint structures will
be examined. High-temperature paint removal procedures have the disadvantage that they can result
in hydrogen embrittlement of the metal surface and therefore degrade mechanical properties. The
mild temperatures used in this study will help circumvent the hydrogen embrittlement problem.

2. Paint Formulations

The paints studied are polyisocyanate-based formulations typical of commercial and military
vehicles. There are two basic types: (1) one-pack moisture-cured formulations, and (2) two-pack
water-reducible formulations (Turner 1988). In both types, 1,6-hexamethylene diisocyanate (HDI)
is the major ingredient and is present in the cyanurate form, a cyclic trimer with substituted 1,3,5-
triazine-2,4,6-(1H,3H,5H)-trione, shown in Figure 1. This is a nonvolatile, stable form of the
isocyanate, which minimizes the hazardous properties associated with volatile isocyanate monomers.

A description of the compositions of the paints follow.

Ref: HU4293 1,3,5-TRIS-ISOCYANATOHEXAMETHYLENE ISOCYANURATE

—_— ~ [~ )J\ —_—

Figure 1. Structure of HDI Isocyanurate.



2.1 Standard One-Pack Moisture-Cured Paints. The one-pack formulation relies on moisture
from the environment to react with isocyanate groups to first form carbamic acid, which is unstable
and converts rapidly to an amine with release of CO, (Figure 2a); this reaction does not result in chain
cross-linking and polymerization. The CO, released in the paint polymerization process occurs at a
sufficiently slow rate so that bubble formation and popping do not occur. Drying is faster if the
molecular size of the initial isocyanate compounds is large. Further reaction of the amine with
another polyisocyanate group results in polymerization with the formation ofa monosubstituted urea
(Figure 2b). The latter may react with atmospheric water, and polymerization is extended. The rate
of polymerization is very dependent on temperature (controlling the rate of amine to urea formation)
and, to a lesser extent, the humidity. Moisture in the sample must be excluded so that the paint does
not harden in the container, and the cans must be kept well sealed. Pigments, which characteristically
hold water strongly, are prereacted with monomers of isophorone diisocyanate to scavenge water.
Residual diisocyanate monomer is eliminated by reaction with a polyester resin prior to paint
manufacture. Typical characteristics of one-pack polyurethane paints are: (1) the reactive
components exist as low-molecular-weight polymers in the can, (2) they usually contain a medium
to high solids loading (35 weight-percent or greater), and (3) cross-linking proceeds slowly when
exposed to air (particularly in cold weather) unless conditions are controlled.

One-pack paints do not form polyurethane cross-links, since no components containing free
hydroxyl groups are present. However, a polyurethane prepolymer may be present in the packaged,
uncured material. In this effort, two different one-pack formulations were studied. The first was a
qualified products list (QPL) item, meaning that it yielded acceptable results in a series of standard
tests. This formulation has also been used on fielded vehicles. The material available was tan in
color, although in general any military camouflage can be made by changing the pigments. This paint
contained silica-based solids as fill material; it also contained a substantial (proprietary) level of
polyurethane in the prepolymer resin (Urs 1998). Throughout this report, this formulation will be

referred to as the standard one-pack paint.

The second one-pack formulation was an experimental paint that contained glass beads as the
solids fill material. It has quite different physical and chemical characteristics than the standard one-

3
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pack paint. The reasons for the differences are not yet totally understood. In addition to containing
different solids fill material, the manufacturing sources of the resin prepolymer for the two
formulations are different. The prepolymer compositions have a strong affect on paint properties and
are therefore usually proprietary. Thus, different resin compositions could play an important role in
the different properties observed in the two formulations. This formulation will be referred to as the

experimental one-pack formulation throughout this report.

2.2 Experimental Water-Reducible Two-Pack Paints. In the two-pack formulation, the
polyisocyanate is contained in one pack, while a second pack contains the polyol resin, which reacts
with the polyisocyanate to form polyurethane (Figure 2¢). One- and two-pack paints based on an
isocyanate could be expected to be quite different, since the one-pack paint can only formurea bonds
and the two-pack can form polyurethane bonds. However, the two-pack paints used in this study are
compositionally very similar to the one-pack paints. In the two-pack paints, excess isocyanate groups
are present relative to the number of polyol hydroxyl groups (i.., the paint is said to be “highly
indexed”). Thus, in addition to containing polyurethane, there is a substantial amount of urea present
in the paint from reaction with atmospheric moisture. Since the one-pack paints with urea bonds
actually contain a substantial (proprietary) amount of a polyurethane prepolymer, the difference in

the one- and two-pack water-reducible paints is subtle.

The two-pack paints are formed by mixing two fractions just prior to application. The first
fraction is pigmented and contains over 50% by weight proprietary components, including the polyol,
which reacts with the isocyanate to form the polyurethane. Polyols used in manufacturing
polyurethanes and some polyisocyanurates are generally either polyesters or polyethers, terminated
by hydroxyl groups with which the isocyanate group reacts during polymerization. Polyols tend to
be viscous liquids at room temperature and have low volatility. The polyol fraction also contains the
solids fill: 10-15 weight-percent each of silica (silicon dioxide, SiO,) and talc (magnesium silicate,
Mg,Si0,0,,(H,0)). The second fraction contains 5075 weight-percent of the isocyanate, as well
as 20-30 weight-percent of an ester of oxo-alcohol. Both fractions can be dispersed in aqueous
environments for admixing and viscosity adjustments. The two-pack paints have a relatively short

pot life and need to be applied shortly after mixing. There is much interest in the two-pack paints



because their volatile organic content is less than half that of the conventional one-pack paints. The
urethane-containing paints (one- and two-pack) are inherently very tough and resistant to abrasion
and chemical exposure. Both the urea and polyurethane functional groups have an active hydrogen,
which can further react with isocyanate to form the biuret and allophonate, respectively (Figures 2d
and e). Thus, the polymerized paint structure may be quite complex.

2.3 Paint Substrates. The standard one-pack paint was applied to aluminum coupons that had
been treated with a copper chromate conversion coating to facilitate paint adhesion and resist
corrosion. The experimental one- and two-pack paints were applied to steel coupons that had been
treated with a zinc phosphate conversion coating. In the case of the experimental one-pack paint, an
epoxy primer was applied between it and the conversion coating. The epoxy acts as a bonding agent,
forming a tight adhesion to the paint and the conversion coating. On fielded vehicles, the epoxy is
applied after the conversion coating. When the epoxy has dried for a minimum of 2 hr, the top coat
is sprayed on. The epoxy primer was used only with the experimental one-pack paint. All paint
samples contain inorganic pigments and a high (nominally, 20-40% by weight) solids fill of silica
and/or talc. The three paints studied in this effort are listed in Table 1.

Table 1. Description of the Three Paints Used in This Study

( Paint Type Experimental Substrate/Conversion Epoxy Primer |
Coating 7

! One-Pack, Moisture- No, standard AVCu(CrO)), No
i Cured

| One-Pack, Moisture- Yes Steel/Zn,(PO,), Yes
? Cured

Two-Pack, Water- Yes Steel/Zn,(PO,), No
Reducible




3. Experimental

3.1 Plasma Treatment. Samples were prepared by spray methods according to military
specifications onto metal plates about 20 cm long and 13 cm wide. From this stock material, coupons
were cut that were about 2 cm by 1.5 cm; care was taken to obtain representative samples and avoid
edge effects. The paint coupons were treated in a chamber operated at reduced pressure, which
ensured a reproducible atomic beam. The atomic beam is generated by passing the feed gas, either
inert argon or reactive hydrogen or oxygen, through a microwave discharge. The concentration of
the feed gas determines the properties of the plasma and thus the atomic beam. The paint sample is
placed on a mount capable of being heated. This allows the dependence of temperature to be studied,
as the plasma treatment alone heats the sample by only 10 or 20° C. Samples studied in this effort
were either treated with heat alone or treated with heat and plasma. For brevity, throughout the
report, the combined heat and plasma treatment will be referred to as “plasma” treated, although
heating up to 300° C is implied.

Argon was not effective in eliminating the paint. This shows that atomic bombardment with this
inert chemical material, under these conditions, is not sufficient and that chemical reaction with the
paint is needed. Because different analytical and spectroscopic sampling methods and paint
chemistries were used in the hydrogen and oxygen plasma efforts, for clarity, this report will focus
on the hydrogen plasma results only; the oxygen plasma results will be presented in a separate report.

3.2 Sample Characterization. Samples were characterized before and after treatment by
infrared (IR) spectroscopy and microscopy.

3.2.1 Fourier-Transform Infrared (FTIR) Spectroscopy. From vibrational spectra, it is possible
to identify functional groups present in the material. Microreflectance FTIR was used to obtain
spectra of the surface (i.e., about 10 11) of materials, and photoacoustic spectroscopy (PAS) wasused
to sample below the surface. These sampling methods offer the advantage of being nondestructive.
The reflectance spectra were obtained using a Spectra-Tech microreflectance attachment and were




run at 4 cm™' resolution, 200 scans signal averaged. The spectrometer used for all the IR
measurements was a Mattson Polaris. The photoacoustic spectra were obtained with an MTEC
Photoacoustics, Inc. (Ames, 10), Model 100 detector run at 8 cm™’ resolution, 100 scans signal

averaged.

In PAS, a mirror directs the IR beam onto the sample and heats it. The IR beam is modulated,
and the heating of the gas layer above the sample contracts and expands at the same frequency as the
modulated IR beam. This generates a sound wave that is detected with a microphone, and the signal
is processed by the FTIR detector electronics. The sample chamber and microphone are sealed and
purged during operation with a high thermal conductivity gas, typically He, to maximize sensitivity
(Figure 3) (McClelland 1993). Sample spectra are usually ratioed against a spectrum from a totally
absorbing material, such as carbon black.

Modulated S Mirror

FTIR Beam

Window
&

7 \ | 97777777

Helium

Purge Microphone
e

/2

Figure 3. Schematic of PAS Detector.
8



Penetration depth is a function of the thermal conductivity and heat capacity of the sample, and
modulation frequency of the spectrometer; multiple modulation frequencies are typically available.
The modulation frequency, in turn, varies with wavenumber and is 10 times greater at 400 cm™' than
at 4000 cm™!, a normal mid-IR operating range. Thus, by varying the mirror velocity, depth profiling
can be achieved: the slower the mirror velocity, the greater the penetration depth. Because the
penetration depth varies with wavenumber, differences in relative intensities between PAS and
transmission spectra are observed. Band frequencies are the same, however, so that standard IR

correlation tables are valid.

The available PAS accessory was in need of refurbishment, and spectra obtained were not
optimal. For example, it was not possible to obtain a stable signal at various mirror velocities with
the paint samples, and thus, profiling the sample as a function of depth of radiation penetration was
not possible. The only mirror speed successfully used was 0.115 cm/s. It was possible to obtain
background measurements of carbon black and some low IR-absorbing samples at other mirror
speeds, but not of the paint samples. Note that although depth profiling was not achieved, the PAS
technique probes at and below the surface (i.e., greater than 10 u, as opposed to the reflectance
method, which nominally samples only the top few microns). The noise level varied significantly
across the spectral region obtained (4000-600 cm™'), as indicated from the hundred-percent
line (HPL) taken of background samples of carbon black (Figure 4). Above 3000 cm™, the
peak-to-peak noise level (PPNL) was + 2.5 units, improving significantly at about 3000 cm™ to +1.5;
below 2300 cm™’, the PPNL was as low as + 0.4.

3.2.2 Optical and Scanning Electron Microscopy (SEM). SEM enables profiling of the
morphology of the sample, including nature and distribution of the solids fill within the matrix,
adhesion of the paint polymer to the inorganic particles and presence of porosity of the polymer.
Micrographs were obtained using a JEOL 820 scanning electron microscope. The thickness,

uniformity, and porosity of the paint and primer layers were assessed with an optical microscope.
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4. Results

4.1 Photoacoustic IR Spectroscopy

4.1.1 Standard One-Pack Moisture-Cured Paint Samples. Virgin samples of the standard
one-pack paints were tan in color but, upon relatively mild treatment (heating in vacuum to 200° C),
turned brick red. With hydrogen plasma treatment and simultaneously heating to 200° C, the samples
turned a gray-black or charcoal color. Weight loss after plasma treatment was nominally 50%. The
PAS spectra of the virgin and treated one-pack paint samples are shown in Figures 5-7: (a) Figure 5
is the untreated tan sample; (b) Figure 6 is the sample after héat treatment under vacuum; and (c)
Figure 7 is the plasma and heat-treated sample. Some peak assignments of importance in filled
isocyanate paints are provided in Table 2 as an aid to interpreting the spectra. Further details of these
assignments as pertinent to paint spectral features are provided as follows.

» 3650-3450 cm™: Broad hydrogen bonds of OH can arise from the polyol. This band diminishes
as the polyol reacts with the isocyanate to form the urethane cross-link. Proprietary ingredients,

such as carboxylic acids, absorb here as well.

o 3440-3200 cm™: Inpaint spectra, the NH and/or NH, stretch can arise from urea, polyurethane,
or amines. In the PAS spectra, these bands are superimposed on sloping baselines in an area of
low signal to noise (S/N); thus, this spectral region is better probed using reflectance
spectroscopy (discussed below).

o 2930-2860 cm™: C-H asymmetric stretch (2930 cm™!) and symmetric stretch (2860 cm™"). This
band is relatively strong in the spectra of all the intact paints, due to the contribution of six

methylene groups per diisocyanate molecule.

o 1765-1775 cm™: Esters with an aromatic ring on the carbonyl absorb here. Polyols with

aromatic esters are not uncommon in isocyanate-based paint formulations.

11




1760-1720 cm™: These carbonyl bands appear as shoulders on the high-frequency side of the
more-dominant 1700 cm™. These could be due to the urethane carbonyl, either as a paint-curing
product or from urethanes present in the prepolymer or from several proprietary components
containing other carbonyl functional groups. For example, in the standard tan one-pack paint,
carbonyls, such as polycarboxylic acids, fatty acids, and saturated polyester-polyols, could
comprise up to 10 weight-percent of the cured sample. Pigments and their associated dispersants
could also absorb in this region.

1685 cm™: The isocyanurate carbonyl absorbs very strongly at 1685 cm™, due to the three
carbonyls in the six-membered ring. Refer to Figure 8, a Sadtler (Sadtler Research Laboratories,
Inc, Philadelphia, PA) reference spectrum of HDI, also referred to as 1,3,5-tris-

isocyanatohexamethylene isocyanurate.

1635-1655 cm™: Bands in this region are most likely due to the C = O stretch from a urea. If

amines are present, an NH, deformation band could also contribute.

1560-1510 cm™: Amide II band, which is due to the coupling of the NH deformation and the
C-N stretching modes (N and H move in opposite direction relative to C). Although common
terminology suggests a simple amide, this band is a strong feature in the spectra of ureas or
carbamates.

1465 cm™: Due to the scissoring of methylene groups. Usually this is a moderately weak band.
However, due to the presence of three sets of hexamethylene groups in the HDI upon which these
paints are based, this is a very prominent spectral feature. Other components containing
methylene groups contribute also but are eclipsed by the isocyanurate. The 1465 cm™! band has

a characteristic intensity relative to the 1685 cm™ ring carbonyl of isocyanurate.

1460 cm™: When this band is present and there is no 1685 cm™ band, it is due to an inorganic
species containing calcium, such as either calcium hydroxide or calcium carbonate. Figure 9
shows the Sadtler reference spectrum of calcium carbonate.

12



e 1250-1000 cm™: Very strong, broad band, due at least, in part, to silica. A representative
reference spectrum of silica (Figure 10a) shows a long high-frequency tail that would explain the
nonreturn to baseline of peaks up to almost 1800 cm™!. There are various forms of silica with
different particle sizes, and band broadness and position vary significantly; however, most are
fairly broad and within the 1000-1250 region. More than one band may contribute: bands at
1170, 1220, and 1280 cm™, which could arise from ether or aliphatic groups, seem to be
superimposed on the silica. Magnesium silicate (talc) absorbs near 1000 cm™! as well, as shown

in Figure 10b.

Note that amines are likely to be present if they do not react further with isocyanate to form the
urea. However, identification of amines in the presence of other paint components is difficult: (a)
the aliphatic NH, bands at 3250 and 3450 cm™ are in a region of very low S/N and sloping baseline;
(b) the NH, deformation at 1600-1650 cm™ is obscured by the urea carbonyl; and (c) the C-N band
absorbs in the 1000-1200 cm™! region and is obscured by the silica/talc bands.

4.1.1.1 Heat Treatment Under Vacuum. Although the heat/vacuum treatment of the standard
one-pack moisture-cured paints causes a strong color change from tan to deep red, the effect on the
PAS spectrum is not substantial (Figures 5 and 6). If, during heating, the sample were reacting
primarily at the surface exposed to air, the PAS technique, which probes below the surface, would
not be sensitive to the change. Band intensities between the untreated and heat-treated samples are
basically unchanged, with the exception that the 2860 cm™ band grows relative to the 2930 cm™
band. Both these bands arise from methylene groups, and although changes in their pattern suggest
a structural change, or changes in hydrophobic groups in the local environment with which they
interact, it is unfortunately of little diagnostic value. . It may be possible that the longer
hexamethylene groups associate with surface functional groups (e.g., urea) that are changing,

creating differences in their band pattern (see section 4.2, Reflectance Spectra).

4.1.1.2 Plasma and Heat Treatment. Unlike the heat treatment alone, major spectral changes
are observed when the plasma treatment is added (Figure 7). The spectrum is much simplified,

indicating loss of functional groups, and consistent with the observation that the sample takes on a

13
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Table 2. Spectral Features of Tan Paint Samples

3650-3450
3440-3200
2980
2930
2860
2280
1765
1720-1740
1685
1650-1690
1510-1560
1465
1460
1375
1240-1280
1250-1000
1220-1000
1000-1250

OH H-bond

NH and/or NH, stretch

CH, asymmetric stretch

CH, asymmetric stretch

CH, symmetric stretch

NCO asymmetric

Polyurethane, aromatic

Polyurethane, aliphatic

Isocyanurate C = O

UreaC=0

Amide IT

CH, Scissoring

Calcium-oxygen (strong band)

CH,-C

Amide IIT

Silica (strong, very broad)

C-O-C stretch; strong but superimposed over silica band
C-C skeletal vibrations; medium bands superimposed on
silica band

I I
! Wavenumber Assignment ]
| (cm™) !

=

charred appearance. The dominant band in the spectrum is broad, peaks at 1110 cm™, and is due
at the low-frequency side (1650 cm™"). Consistent with loss of urea is the loss of the amide II band
at 1550 cm™! and the amide ITI band at 1240-1280 cm™’. Urea serves to polymerize the tan samples;

thus, a loss in urea could result in a charred appearance and loss of integrity of the sample.

The CH, absorptions near 3000 and 1375 cm™ are also almost eliminated. These functional
groups were not assigned to any compound and could arise from the proprietaril material that
composes a major portion of the paint, including a polyol. The bands superimposed on that of silica
in the virgin and heat-treated samples are also eliminated and include C-C and ether C-O-C bonds.

Thus, except for silica, the spectrum of the residue from plasma/heat treatment is essentially that
of the hexamethylene isocyanurate (compare Figures 7 and 8). It is not surprising that inorganic silica

17




Ref: HU4293 1,3,5-TRIS-ISOCYANATOHEXAMETHYLENE ISOCYANURATE

v

3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600
Figure 8. Sadtler Reference Spectrum of HDI.

remains. Although it’s well known that the isocyanurate form of HDI is the most nonvolatile and
stable, it is interesting that the ring, and even the associated methylene groups, survive the plasma

treatment.

In summary, the PAS spectra of the standard one-pack paints showed: (a) heating and vacuum
treatment alone causes minimal subsurface reaction although the color change from light tan to brick
red is marked, and (b) H-plasma and heat treatment results in elimination of most organic material
present (e.g., urea and amines, ethers, some aliphatic groups), with only the silica, and isocyanurate

ring with associated hexamethylene groups remaining.

4.1.2 Experimental One- and Two-Pack Water-Reducible Formulations. Virgin samples of

two different green paints were provided. Although one paint was a two-component formulation and

18



Ref: PL1456 WINNOFIL S : CALCIUM CARBONATE FILLER

R
'__/—\\ e~ N/ \_/\JL —

3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600

Figure 9. Sadtler Reference Spectrum of Calcium Carbonate.

the other was a one-component formulation, both exhibited similar physical properties and had similar
spectral features. Moreover, both were distinctly tougher than the standard tan one-pack paint
samples and exhibited different spectral features and response to the plasma. As mentioned
previously in Section 2, “Paint Formulations,” the one- and two-pack paints are compositionally very
similar. Although the one-pack paint forms urea bonds, it contains polyurethane from the polyol
prepolymer. And although the two-pack paint forms urethane bonds, since the isocyanate is added
in excess, it also forms a significant amount of urea. Thus, both experimental green paints are
polyurea/pof§urethane formulations and are manufactured by the same company. The morphology
of the silica used in the paints differs. The one-pack paint contained glass beads, while the two-pack
paint contained amorphous silica and talc. Both green paint samples were exposed to the heat-plasma
treatment. The vacuum-heat treatment alone, which was applied to the tan standard samples, was
not performed on the green samples. The spectra of the virgin and plasma-treated samples are shown
in Figures 11-14.

19



Ref: PL1168 CAB-O-SIL : 99% SILICON DIOXIDE

L N A

3600 3400 3200 3000 2800 Print2400 2200 2000 1800 1600 1400 1200 1000 800 600

Ref: PL1160 EMTAL 41 : MAGNESIUM SILICATE (TALC)

PN

3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600

Figure 10. Sadtler Reference Spectrum of (a) Silica and (b) Magnesium Silicate.

20



ojdwes jured UL YvJ-duQ MSIIA 9Y) Jo minaddS YI-SVd 1T 2n3jg

00ECEL'E/96E298°C = OYSQI/6NVMLNIVAHM\SYI\WVY\'I
JHCHML = | # 0]l
(1-wo) Jequinueaep, / @dueqIOSqQY

|-Wwog =sey

HOSHNO wooz-A pebed

oo_o 3 oo_m 3 oo_cN oo_mN oo_om oo_mm 0oov

..v. —vl

IN.FI

69

PO
L

98¢

71
4%
©

21




-9jdureg jujed UL HOBJ-IU(Q) PI)BALL-BWSE]] 3} Jo mnnRAS YI-SVd ‘7T 2Ly

00ECEL'E/96€298'2 = 8UZQI/ENVMLNIVIUM\SY AWV d\:3

|-wog =say JHIUML = | # o)1
HOSHNO wooz-A pebed (1-wo) 1equinuesep / eoueqiosqy
000} 00St oo_ow oo_mm oo_om : oc_mm 000¢
1 1 $°L-
- N. P-

.IPQ

1982
SE
8/cE
PPy
©

22




-adureg yuged URID YoeJ-oM ], p3jeanu() 3y) Jo wniydads JI-SVd €1 2andig

Y1 GO/6NVMLNIVdHUM\SYdWVYd\:3

| -wog =sey FHeSHMVL = | # ojid
HOSHND wooz-A (1-wo) Jequinueaep / eoueqosqy
oo_op oo_om oo_om 000t
|V. Fu
N
o]
~N
{ f! N. ﬁn
o %
L
(2] ad
8 i
[(¢] \
N w
8
% . a ﬂﬂ”vv - x.Q~l
3 Q9 o 3
© a o’ ©
nmm y
' 8 3
» pry *® {
3 a2 S 3 9-
R 23
8 —-—

JHZUMVY L

23



L-wog =sey

HOSHNO wooz-A

oo_o I

"sjdureg Juyeq UL YPORJ-0M ], PAJEAL] -BwsEl] oY) Jo WNNIAS YI-SVd °pI 2anSyy

oo_ow

00€2EL'E/96€298°C = ©YZQI/ENVMULNIVAHM\SYI\WVd\:I

JHIUMVYL =L # el

(1-wo) tequinuenepy / ssueqiosqy

oo_om

ooov

6582

0g

186
962t

,lv. ﬁb

cl-

JHIHIMVYL

24




4.1.2.1 Virgin Experimental One- and Two-Pack Green Paint Samples. The spectra of the

virgin green paints (compare Figures 11 and 13) appear very similar to each other with the exception
that:

The one-pack paint shows a distinct band at 1765 cm™ not present in the two-pack paint. It is
known that the one-pack paint contains an aromatic polyester and that absorptions near

1765 cm™! are characteristic of aromatic groups on the carbonyl.

The shape of the band in the silica region is different also, being broader in the spectra of the
one-pack paint, reflecting the different morphology of the glass beads solids fill.

Compared to the virgin tan sample (Figure 5) the green paints have basically the same spectral

features but with a few distinct differences:

The carbonyl region is broader in the two green paints, probably reflecting differences between
the polyurethane content of the tan moisture-cured and green water-reducible paints. Since the
same company manufactures the water-reducible paints, they could contain some of the same, or
similar, proprietary components. As mentioned previously, the one-pack paint also contains an
aromatic ester, which is most likely the source of the 1765 cm™ band. Nonetheless, all three

paints have the isocyanurate ring at 1685 cm™' as the most intense carbonyl peak.

The aliphatic bands of the green paints have a stronger contribution from the terminal methyl
group (2980 cm™). The C-H stretching in the green paints can arise from aliphatic groups of the
polyol, which could have a terminal methyl group. The aliphatic bands are also broader, probably
reflecting a greater variety of aliphatic groups.

The green paints both show the 2270 cm™ band, which is due to the unreacted isocyanate groups.
The fact that isocyanate reacts readily with moisture in the air to form the urea, and that the PAS
method probes the subsurface, is evidence that, upon curing a paint, a film forms that prevents

evolution of isocyanate from the matrix. Thus, after the polyol and free hydroxyl functional
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groups are reacted, a finite amount of the isocyanate monomer remains trapped. It is interesting
that no monomer remains in the tan urea paint. It may be that the level of cross-linking achieved

is not sufficient to form a sufficiently tight “skin” to retain the monomer.

4.1.2.2 Plasma-Heat-Treated Experimental Green Water-Reducible Paint Samples. Both the

one- and two-pack experimental green paint samples were much more resistant to the plasma than

the standard tan sample. Unlike the tan samples, for which most of the organic functional groups

were eliminated, except for the isocyanurate and silica bands, the spectra of the green paint samples

are only slightly modified. As opposed to the treated tan samples, spectra of the green samples

remain rich in absorbance bands.

Upon plasma treatment, the 1765 cm™! polyester band of the one-pack green paint is eliminated.
Attack at the ester group is not surprising, since esters are quite reactive and used frequently as
intermediates in synthétic chemistry. The carbonyl bands of the one- and two-pack paints,
although quite different for the virgin samples, are virtually identical after plasma treatment. The
carbonyl absorbance at the low-frequency side, due to urea, remains after plasma treatment in
both green paints. The absorbance in the 1720-1740 cm™ region due to the polyurethane seems
to be reduced. It is somewhat surprising that the urea is resistant to the plasma and that the
polyurethane is reduced. In contrast, in the tan samples, the urea band was almost eliminated by
plasma treatment. This is further addressed in section 4.2.5, Pyrolyzed Samples.

The amide IT band near 1550 cm™! is reduced in the green paint samples but not eliminated as in
the tan paint samples. In general, the bands below 1700 cm™ do not return to baseline in the
treated green samples, as was the case for the treated tan samples. This is consistent with the
continued presence of the urea, as well as some polyurethane, both of which would also yield an
amide I band.

The diisocyanate monomer at 2265 cm™’ is eliminated in both green samples with plasma
treatment.
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In summary, the PAS spectra, which probes predominantly the subsurface of the green
polyurethane/polyurea paints, show that the virgin green paints appear to contain a greater variety
of organic species than the tan paint, as evidenced by broader carbonyl and aliphatic species. The
green paints were both much more resistant to the plasma treatment than was the tan paint sample.
In the green paint samples, the urea and polyurethane remain, as evidenced by the carbonyl and amide
II bands; whereas in the tan paints, primarily only the inorganic species and isocyanurate remained.
The aliphatic bands were still evident in the tan samples but were significantly reduced. The aliphatic
bands in the green paints were only mildly affected, if at all.

4.2 Reflectance Spectra. The reflectance spectra complement the PAS spectra in that the
high-frequency region (particularly above 3000 cm™*) has a much improved S/N ratio in the former.
Thus, bands due to H bonds of O-H and N-H stretch modes are possible to analyze. Also, the
reflectance method samples primarily the top 10 p or less of the surface of the material, as opposed
to the deeper-probing PAS method. Thus, differences between the two spectra can help elucidate
surface vs. bulk phenomena, important in paint film formation and plasma-based paint removal.

Unfortunately, at frequencies below 2000 cm™’, bands appear to saturate, particularly in the
spectra of the virgin samples, which are designed to be very nonglossy and are therefore very different
from the highly reflective aluminum surface used as the background. To avoid saturation, the
absorbance range is ideally maintained below one absorbance unit. In most of the virgin samples, the
range is 1.0-1.5 units. The large difference in reflectivity also accounts for the offset from zero in
absorbance units. Also, greatly sloping baselines below 2000 cm™ render it difficult to do
quantitative work with this method using these samples. Baselines are the most distorted for treated
samples, for which the surface becomes less specular and more irregular; increased exposure of the
particulate solids fill material may add to the distortion. For these reasons, the method is best suited
for semiquantitative work in which relative differences between samples are obtained. The method
does offer the advantage of being able to adjust an aperture to focus down to spots on the order of
10 p. Also, important for this application, reflection enables paint spectra to be obtained which are
too opaque to be analyzed by transmission spectroscopy.
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4.2.1 Standard One-Pack Moisture-Cured Tan Paint Samples. Reflectance spectra of the
virgin tan one-pack paint are shown in Figure 15, while those of the sample heated in vacuum (red
sample) and the plasma-treated (grey sample) are shown in Figures 16 and 17, respectively.

At first glance, the reflectance spectra of the virgin samples appear very different from those from
the PAS method (Figures 5-7), but most of the differences, particularly below 2000 cm™' can
probably be ascribed to the fact that bands in the reflectance spectrum are saturated and do not return
to baseline. In the PAS and reflectance spectra of the heat-treated sample, the spectra appear more
similar, with bands due to isocyanurate (1700 cm™ and 1470 cm™") and urea (1650 cm™) being
dominant. It is interesting that the silica band is more dominant in the PAS spectrum. It may be that
the distribution of the silica in the bulk is greater, e.g., if the silica settled upon curing and the polymer
fraction rose to the surface. There could also be a difference in the sensitivity of the two methods
to silica. Both methods depend on the absorption coefficient of the material, but the PAS method
also depends on the thermal conductivity of the sample. The thermal conductivity to amorphous silica
tends to be 1-2 orders of magnitude greater for silica than for organic polymers (Touloukian
et al. 1970).

The most striking differences between the PAS and reflectance spectra are in the bands above
3000 cm™!, especially those that arise from NH groups (of urea or polyurethane) or NH, groups (from
amines). Inthe PAS spectra, the NH/NH, signals are just barely above the noise level. However, in
the reflectance spectra, they are dominant features, so that the effect of heat and plasma treatment
can be assessed. From the reflectance spectra, Figure 16, it is seen that the heat treatment alone
results in reductions of the NH/NH, signal. The urea (1650 cm™') and amide (1575 cm™*) bands also
appear to be reduced relative to the 1700/1475 cm™* bands of the isocyanurate, but not to the same
extent as NH/NH, bands. These observations suggest that elimination of amines might be the primary
reason for a much less intense NH signal in the treated samples, since amines do not contribute to the
urea/amide bands that are not greatly affected. Thus, it seems as though some urea is removed but
that the reduction of the NH/NH, signal is probably also due to elimination of amines. An enrichment
of the amine at the surface of the virgin sample is feasible, since it is formed from reaction of the

isocyanate with moisture in the air and, as a monomer, would tend to reside at the surface in a
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polymeric system. But, as mentioned previously, conclusive interpretation of bands below 2000 cm™!
is hampered by the fact that they are saturated in the virgin material, so that changes in the treated
samples due to surface morphology alterations, rather than chemical changes, are difficult to

deconvolve.

The great reduction of the NH/NH, bands with heating is definitive however. Another possible
explanation could be that the urea groups undergo further cross-linking to form a mono- or
di-substituted urea. In the latter case, the isocyanate could originate from the isocyanurate ring
breakup, which would lead to less intense 1700 and 1475 cm™! bands. In fact, the reverse
occurs—the isocyanurate bands grow in relative intensity. Also, the amide band would be expected
to diminish relative to the urea band, as the N-H groups of the urea were eliminated, and this is also

not observed.

The carbonyl peak of the tan untreated sample is at 1700 cm™" in both the PAS and reflectance
spectra, but there is a high-frequency shoulder extending to 1780 cm™! in the reflectance spectra. This
shoulder is eliminated upon heat treatment and may be due to carbonyl vibrations of proprietary
monomeric components, such as fatty acids derivatives, ethers, or polyesters. The fact that they are
observed in the reflectance spectra (i.e., where monomers could align at the surface) and are readily
eliminated by the heat treatment, support this. The net result is that the PAS and reflectance spectra
of the heat-treated samples have bands at similar frequencies in the 1730-1375 cm™! region.

The reflectance spectrum of the plasma-treated sample (Figure 17) shows that the aliphatic groups
are very much reduced at the surface and that the dominant species remaining are the isocyanurate
and silica species. The NH/NH, groups, dominant in the virgin sample, are almost eliminated in the
spectra of the plasma-treated sample. Whereas the baseline in the PAS spectrum was flat, in the
reflectance spectrum it is very curved, particularly from 2000 cm™* to 1200 cm™. A tailing of the
carbonyl peak the 1650 cm™! and a slight absorbance at 1562 cm™! suggest that only a minor amount
of urea is still present. Bands at 1370, 1334, and 1256 cm™ superimposed on the broader silica

absorbance also indicate that some organic material remains.

32



In summary, the reflectance spectra of the tan one-pack paints, particularly bands above
3000 cm™?, indicate that heat treatment results in loss of NH/NH, groups, probably from amines that
reside on the surface and, to a lesser extent, urea groups. Plasma-treatment of the samples eliminates
most, but not all, of the organic material. As in the PAS spectra of the plasma-treated samples, the
dominant bands are due to silica and the isocyanurate ring. The reflectance spectra show that more
aliphatic material is removed at the surface than was removed in bulk, as determined by comparison
with the PAS spectra.

4.2.2 Experimental One- and Two-Pack Water-Reducible Green Paints. The reflectance
spectra of the one- and two-pack green paints, virgin and untreated, are shown in Figures 18-21. As
was the case with the tan paint samples, the reflectance spectra of the virgin samples appear saturated,
particularly below 2000 cm™’. The reflectance spectra have some features similar to the PAS spectra.
Both spectra exhibit the 1700 cm™ and 1465 cm™* hexamethylene isocyanurate, the 1640 cm™” urea,
and the amide centered at 1540 cm™. As was also true for the tan paint samples, the N-H stretching
band is seen more clearly above the much lower noise level of the reflectance spectra. However,
unlike the tan paints in which the N-H stretch and aliphatic bands are virtually eliminated by plasma
treatment, the green paints only exhibit a modest reduction in these bands. This is consistent with the
observation that the green samples appear relatively undisturbed by the plasma treatment. Also, as
in the tan paint, the silica bands are more dominant in the PAS spectra. Both the reflectance
(Figure 19) and PAS (Figure 11) spectra of the virgin one-pack paint show the high-frequency
carbonyl at 1765 cm™, which is attributed to the aromatic carbonyl of the phthalate group of the
prepolymer.

The virgin samples of the two green paints (Figures 18 and 20) are similar, but do show different
levels of the urea bands (1640 cm™’, 1540 cm™) relative to the isocyanurate bands (1700 cm™’,
1465 cm™). The two-pack paint has a relatively lower urea absorbance than does the one-pack paint,
suggesting that less of this species exists in the two-pack paint. This is reasonable for a formulation
that forms urethane cross-links as well as urea. There is also more isocyanate monomer remaining
in the two-component paint—not surprising considering the high degree of indexing in the

formulation.
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In both the reflectance and PAS spectra (Figures 11 and 13), the frequency of the urethane
carbonyl leading edge shifts to a lower frequency (i.e., peak narrows) upon treatment (Figures 12 and
14 for PAS spectra), but this occurs to a greater extent in the one-pack paint that actually has a
distinct peak at 1770 cm™! in the untreated sample, which is not present after treatment. In the green

paints, as well as in the tan paints, the silica band is much more dominant in the PAS spectrum.

The isocyanate monomer band at 2265 cm™’ is detected in the PAS spectra of both the one- and
two-pack untreated green paints and appears at comparable levels. In the reflectance spectra,
however, it is clear that there is significantly more unreacted HDI in the two-pack paint than in the
one-pack paint. These observations need not be in disagreement: both paint samples may contain
about the same level of HDI monomer in the bulk material and have different levels at the surface.
It is interesting that the isocyanate monomer can remain relatively close to the surface (tens of
microns) without reacting with atmospheric moisture. Moreover, no unreacted HDI was observed
in the tan moisture-cured samples. The presence of HDI in both green paints may be a consequence
of tighter cross-linking and skin formation, which may not occur in the tan samples.

In both green samples, plasma treatment eliminates the unreacted HDI. Whether this occurs
through volatilization or further reaction is of interest for the potential application of plasmas to the
study of improved paint structure/adhesion. At the plasma intensity/heat treatments used for these
samples, the reflectance data (Figures 18 and 19) suggest that, in the standard one-component paint,
there seems to be a net decrease in urea functional groups in the treated samples, as evidenced by the
relative decrease in the urea and N-H bands. For the two-component water-reducible green paint,
the urea band may actually increase (Figures 20 and 21), while the amide and N-H bands decrease.
Ifreal, an increased urea level would be consistent with the plasma-assisting reaction of the unreacted
isocyanate with urea groups already present to form the disubstituted ureas. In this case, as the
hydrogen is removed, the number of N-H bonds decrease as the biuret is formed and the amide II
band diminishes. A Sadtler reference spectrum of a urea biuret—a tetramethyl analog of the
hexamethyl groups that would exist in the paint—is shown in Figure 22. Note that since no N-H

groups exist, there is no amide band at 1540 cm™'.
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Figure 22. Sadtler Reference Spectrum of the Tetramethyl Urea Biuret.

Another interesting difference in the reflectance spectra of the green paints is that the two-pack
sample has a very sharp, distinct band, probably due to free hydroxyl groups, at 3675 cm™!. This is
not found in the one-pack paints or in the PAS spectra of the bulk material. Free hydroxyl groups
are usually only found in the gaseous state; otherwise, associations between hydroxyl groups occur.
Nonetheless, the band is found in every reflectance spectrum of this material, including those obtained
after plasma treatment. An exception in which the free hydroxyl band is present in condensed phases
includes tertiary compounds in which the hydroxyl group is sterically hindered from hydrogen
bonding interactions (Figure 23a). Also, talc (magnesium silicate) is known to be present in the
two-pack paint, and a reference spectra of the chrysotile form Mg,(Si,O,,) (OH), of magnesium
silicate shows a band at 3680 cm™* (Figure 23b). A variety of magnesium silicates are used as fillers.
Also, the physical descriptions of some magnesium silicates in the Sadtler library have indicated that
in practical use, phenols with tertiary carbons can be present as well, and they absorb in the 3675 cm™!
region. Note that the reference spectrum of the chrysotile form has bands at 1060 and 950 cm™?,
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Figure 23. Sadtler Reference Spectra Containing Bands at 3675 cm™: (a) 2,6-di-tert-butyl
Phenol and (b) Chrysotile, Hydrous Magnesium Silicate, Mg(Si,0,,)(OH);.

which are also seen in the two-pack green paint, before and after plasma treatment, but not the one-
pack green paint at all. Silanols also have absorptions in this region (Bellamy 1975).

In summary, the reflectance spectra of the experimental one- and two-pack green water-reducible
paints show that:

* Unlike the standard tan paints, in which the N-H stretch and aliphatic bands are virtually
eliminated by plasma treatment, the green paints exhibit only a modest reduction. Visual

inspection of the samples shows that the green samples appear relatively undisturbed by the
plasma treatment.
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Figure 23. Sadtler Reference Spectra Containing Bands at 3675 cm™: (a) 2,6-di-tert-butyl
Phenol and (b) Chrysotile, Hydrous Magnesium Silicate, Mg(Si,0,,)(OH);
(continued).

e As in the tan paint, the silica bands are more dominant in the PAS spectra.

» Both the reflectance and PAS spectra of the green one-pack paint show the high-frequency
carbonyl at 1765 cm™’, which is attributed to a phthalate prepolymer. Both sampling methods
show that this band is eliminated in the plasma-treated samples.

» The two-pack paint appears to have relatively less urea than does the one-pack paint, consistent

with the fact that the former can form urethane cross-links. The two-pack paint also contains

more isocyanate monomer, consistent with its high-isocyanate index.
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+ Upon plasma treatment, the one-pack, moisture-cured paint appears to lose isocyanate and urea
groups. The spectra of the two-pack paint suggest that the isocyanate may cross-link further to
form the biuret. Further confirmation is desired.

« The two-pack sample has a very sharp, distinct band, due to free hydroxyl groups, at 3675 cm’,
which may be due to a sterically hindered organic hydroxyl-containing compound, or to

magnesium silicate.

4.2.3 Mildly Heated Standard Tan One-Pack Water-Cured Paint Samples. During the first
experiments to establish plasma parameters effective in paint removal, a series of samples were
treated under milder temperature (150° C) and plasma conditions. These samples remained tan and
were only slightly different from their original color. Although visually the samples were nearly
identical, the reflectance method yielded spectral changes that were quite distinct. Figure 24 shows
the spectra of the untreated and mildly heat/plasma treated samples. As in the reflectance spectra of
the samples exposed to the stronger plasma treatment (Figures 15-17), the carbonyl band loses its
high-frequency absorption above 1740 cm™, and the NH/NH, bands (3300-3400 cm') decrease,
although the latter effect is less with the mild plasma treatment. Most importantly though, in the
spectra of the mildly treated samples, the urea and amide bands grow and even exceed the silica bands
in intensity. The more intense urea and amide bands support the likelihood that under mild heat and

plasma treatments more urea bonds form.

Since no unreacted isocyanate was detected in the tan paint samples, it may be that the
isocyanurate ring opens to provide the isocyanate needed for urea formation. The simultaneous
decrease in the (3300-3400 cm™*) band and growth of the amide band can be best explained by
removal of amine hydrogen and formation of urea. The alternative explanation for the decrease in
the 3300-3400 cm™' band would be removal of the free hydrogen in the urea linkage to form the
disubsituted ureas. However, that would cause a decrease in the amide band and is inconsistent with
observed growth of this band. Urea formation from amine groups is feasible, particularly since the
experiment is run under vacuum and no water would be available for competing reactions with the

isocyanate.
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Heat treatment (150° C) alone gave a spectrum virtually identical to the untreated tan sample.
Thus, if the conversion from amine to urea occurs as proposed, the mild plasma treatment is essential.
Mild plasma treatment could have potential for improving properties that rely on thorough
cross-linking, such as adhesion and impact, chemical-agent resistant coating (CARC), and corrosion
resistance. As discussed previously, strong plasma treatment of the tan samples removes all the
organic groups except some isocyanurate monomer; the inorganic silica remains also. Thus, with
control of the intensity and duration of the plasma/heat treatment, it may be possible to increase the
number of cross-links in the paint (mild plasma) or virtually eliminate the cross-links (and other
organic matter) in the urea paint structure (intense plasma). Understanding the role of the
isocyanurate monomer in this process is critical, since it appears that a significant amount (although
not all, as evidenced by the relative intensity of it bands to that of silica) remains after intense plasma
treatment, but some may break down under mild plasma treatment to provide the monomer for

further urea formation.

4.2.4 Experimental Water-Reducible Two-Pack Paint Components. Attempting to make band
assignments for the cured and plasma-treated paints is, as mentioned above, quite complex. In an
effort to simplify the problem, the reflectance spectra of the individual paint components, as well as
some extracts, of the two-pack green paint were analyzed. Component A is a complex mixture
containing the polyol and pigments, and Component B contains the isocyanate. Moreover,
Component A had settled for several weeks prior to opening and had partitioned into a somewhat
transparent purple layer (less than 10% by volume) and a thick opaque layer containing the solids fill
and comprising the bulk of the material. Some of the purple layer was removed and sampled by IR.
An acetone extraction, prepared with an excess volume of paint with a much smaller amount of

solvent, dried to a light lavender residue (i.e., not much purple pigment was extracted).

The reflectance spectrum of the shiny, intense purple sample that dried in the aluminum pan has
the typical urethane band profile, which is due to the use of a urethane-polyol prepolymer to disperse
the pigment (Figure 25a). The carbonylat 1744 cm™ is much sharper than that observed in the cured
paint samples, suggesting a single urethane structure in the prepolymer. A reference spectrum of a
commercially available polyol-urethane prepolymer is also provided (Figure 25b). Although band

45




Unk: PURBUB.ISP E:\PAM\TWOPACK/purbub

(@

Ref: OL612 SPENKEL P49-75S*POLYOL ADDUCT TYPE URETHANE PREPOLYMER

o ]

-

3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600

Figure 25. (a) Spectrum of the Purple Layer of Component A of the Two-Pack Paint, After
Drying, and (b) Sadtler Reference Spectrum of a Polyol/Polyurethane Prepolymer.
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intensities are different, the frequencies of the major bands match well. The exact polyol used is key
to a successful formulation, and structures vary with application; thus, an exact library match was not
expected. Polyol structures are almost always proprietary, so they are not typically available with the
reference spectrum. Some sort of polymerization appears to occur: the original purple sample is

miscible in water but dries to a film that does not redissolve in water (it does in acetone).

A reflectance spectrum of a sample of component A after the two layers were mixed and allowed
to dry was also obtained (Figure 26). The silica bands are not as dominant in this spectrum as in a
sample of the formulation cured with isocyanate. Since component A alone does not cross-link and
takes a comparatively long time to dry, the silica groups have more time to settle. Organic material,
especially monomers rise to the top. In fact, this paint dried to a maroon color due to the purple
pigment separating prior to drying. This sample also has a typical polyurethane spectrum, although
judging by the differences in relative intensity between the 1730/40 cm™ and 1545 cm™* bands, it is
probably a different polyurethane polyol. Unlike the spectra of the cured paint sample, the spectra
of these individual components show distinct bands with clear separation (i.e., more closely
resembling a single component urethane spectrum). The broad bands obtained from the cured paint
samples, especially in the region between 1000-1800 cm™*, may in part reflect the complexity of the
final composition. However, samples from component A were much more glossy and reflective than
was the cured paint sample. Thus, the abnormally high sloping baseline is probably also an artifact
of the sample surface morphology as well.

It is interesting that the two-component, water-reducible paint contains a polyurethane
prepolymer, as does the one-component, water-reducible formulation. Both these paints have similar
properties, and they are made by the same company. Thus, it may be that the polyurethane
prepolymer influences the paints’ characteristics as much as the actual polymerization mechanism
(polyurea formation for one-component paints; polyurethane and polyurea for two-component paints)
or the morhphology of the fill (the formulations with similar reaction to the plasma had different solids
fill).
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4.2.5 Pyrolyzed Samples. The virgin and plasma/heat-treated two-component water-reducible
green paint samples were heat-treated at approximately 800° C for 20 s in helium. The tan paint
moisture-cured samples exposed to the same treatment appear virtually disintegrated. Because only
a minute amount of material remained and because it was so ashen, the reflectance spectrum of the
tan paint pyrolysis residue was not obtained. Both virgin and plasma-treated one-pack and two-pack
water-reducible paint samples were particularly inert, and appeared visually intact, with no color
change, after the pyrolysis treatment. IR spectra of the residue for each sample were virtually
identical; that for the plasma-treated sample is presented in Figure 27. The spectrum shows that the
amide and urea bands are much diminished. The carbonyl band remaining is significantly narrower
than the plasma-treated paint, and the dominant species are the isocyanurate ring with hexamethylene
groups and silica. The 3675 cm™! band due to hydrogen bonding also remains.

At the temperatures to which the sample was exposed (about 800° C), if there were sufficient
oxygen available, all of the carbon and hydrogen would have been converted to CO, and H,O. It is
interesting that the aliphatic groups survive, and the available oxygen is preferentially consumed by
the elimination of urea and amide groups. In contrast, the aliphatic groups of the tan paint are
reduced greatly simply by heating in vacuum, and the tan paint was disintegrated upon pyrolysis.
Since the pyrolysis experiments are performed in He and the plasma experiments are performed in
vacuum, these observations may be simply due to the oxygen balance (i.e., ratio of oxygen to C/H/N)
of the tan moisture-cured paint vs. the green water-reducible paint formulations, rather than a much
greater resistance of the green paint composition to the plasma. Total oxygen in the cured paint is
a complex combination of oxygen from inorganic species such as talc and silica and from organic
compounds. The latter can be a function whether the isocyanate remains trapped and how much
converts to the amine vs. the urea, or in the two-component paints, how much polyurethane is
formed. The amine formation would result in loss of carbon dioxide (e.g., two oxygen atoms) for
every amine formed. Future efforts will use oxygen or combinations of oxygen and hydrogen plasmas

to facilitate more complete paint removal.

4.3 Summary of FTIR Results. IR spectroscopy, ‘using PAS to probe the bulk spectra and
reflectance microspectroscopy to probe the surface layer, was used to characterize two types of
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one-component paints—a water-reducible green paint and a moisture-cured tan paint; a green

two-component water-reducible paint with polyurethane bonds was also characterized.
The PAS spectra of the tan one-pack moisture-cured paints showed:

» Heating and vacuum alone causes minimal subsurface reaction. The dramatic color change from
light tan to brick red is probably due to a change in a pigment chromophore with a very high

absorption coefficient in the visable region but present at very low concentration.

» Treatment with the H-plasma and heat eliminates most of the organic material present, such as
urea, amines, ethers, and some aliphatic groups. Elimination of urea bonds in these paints is
important since they provide polymerization essential to the integrity of the sample. Thus, this
paint appears charred after treatment.

» The isocyanurate ring and associated hexamethylene groups survive the plasma treatment. The
aliphatic groups associated with the isocyanurate ring are not “unzipped” by the action of the
hydrogen plasma. Silica remains after plasma treatment, as expected.

The PAS spectra of the water-reducible one- and two-pack green paints showed that:

 The one-pack paint reflects a distinct band at 1765 cm™ not present in the two-pack paint,
probably due to an aromatic ester prepolymer. This band is eliminated upon plasma treatment.

o The carbonyl region of the water-reducible green paints is broader than for the tan paints,
reflecting not only the fact that polyurethane forms in the two-component water-reducible paint
but that a different polyurethane prepolymer is probably used in the water-reducible and

moisture-cured paints.

+ The virgin green water-reducible paints both reflect the 2270 cm™! band of the isocyanate
monomer, which may be trapped under the surface due to a tight surface “skin” formation. No
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monomer remains in the tan moisture-cured paint, possibly because the level of polymerization

achieved is less.

The green water-reducible paints were both much more resistant to the plasma treatment than was
the tan moisture-cured paint sample. In the green paint samples, the urea and polyurethane remain,
as evidenced by the carbonyl and amide II bands, whereas in the tan paints, primarily only the
inorganic species and isocyanurate remained. The aliphatic bands were still evident in the tan
samples, but were significantly reduced. The aliphatic bands in the green paints were only mildly
affected, if at all.

The reflectance spectra of the water-reducible, one- and two-pack green paints show that:

»  Unlike the tan moisture-cured paints in which the NH stretch and aliphatic bands at the surface
are virtually eliminated by plasma treatment, the green paints exhibit only a modest reduction.
Visual inspection of the samples shows that the green samples appear relatively undisturbed by
the plasma treatment.

o Aswith the tan paint, the silica bands are more dominant in the PAS spectra, consistent with their
settling during curing.

» Both the reflectance and PAS spectra of the virgin one-pack paint show a high-frequency
carbonyl at 1765 cm™', which is attributed to a phthalate-polyurethane prepolymer. Both spectra
show that this band is greatly reduced upon plasma treatment.

o The two-pack paint appears to have relatively less urea than does the one-pack paint, consistent
with the fact that the former can form urethane cross-links. The two-pack paint also contains

more isocyanate monomer, consistent with its high isocyanate index.
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Upon plasma treatment, the one-pack paint appears to lose isocyanate and urea groups. The
spectra of the two-component paint suggests that the isocyanate may cross-link further to form
the biuret.

The two-pack sample has a very sharp, distinct band, due to free hydroxyl groups, at 3675 cm™’,
which may be due to a sterically hindered organic hydroxyl-containing compound, or to

magnesium silicate.

Mild heat and plasma treatment may be a means of improving paint properties by facilitating

reaction of trapped unreacted isocyanate and extending polymerization. The isocyanate might also

arise from breakdown of the isocyanurate ring. Mildly treated tan paint samples showed that:

Mild heat and plasma treatment most likely results in the conversion of amine groups to urea
cross-links. The plasma treatment is essential in this conversion; heat treatment alone is not
sufficient. Properties that rely on thorough cross-linking, such as adhesion, and resistance to
impact, CARC, and corrosion may benefit from improved cross-linking.

Understanding the role of the isocyanurate monomer in the paint-curing and plasma-treatment
processes is critical, since it controls cross-linking and polymerization reactions. It appears that
a significant amount (although not all, as evidenced by the relative intensity of isocyanurate bands
to that of silica) remains after intense plasma treatment, but some apparently breaks down under
mild plasma treatment to provide the monomer for further urea formation. Further clarification
of these results is needed.

The reflectance spectra were more sensitive to changes above 3000 cm™, including those from

the aliphatic stretching region, NH/NH, bands, and OH groups.

Heat treatment results in loss of NH/NH, groups, probably from amines residue on the surface,
and, to a lesser extent, urea groups, as evidenced particularly from bands above 3000 cm™.
Plasma treatment of the samples eliminates much but not all of the organic material. As in the
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PAS spectra of the plasma-treated samples, the dominant bands are due to silica and the
isocyanurate ring with isocyanurate. The reflectance spectra show that the aliphatic groups at the
surface are removed to a greater extent than those in the bulk (shown in the PAS spectra).

However, unlike the PAS spectra, some amide, and probably urea, remains in the reflectance

spectra.

Pyrolysis of paint samples showed that the tan moisture-cured and green water-reducible paints
reacted much differently to pyrolysis (nom. 800° C for 20 s) condition. Whereas the tan paint
disintegrated, the green paints appeared visually quite intact. In the green paints, the aliphatic groups
survive and the available oxygen is preferentially consumed by the elimination of urea and amide
groups. Thus, the greater effectiveness of the plasma in removal of the tan paints may be simply due
to a difference in oxygen balance (i.e., ratio of oxygen to C/H/N) of the tan paint vs. the green paint
formulations. Removal of these paints by oxygen and/or mixtures of oxygen/hydrogen is being
pursued.

Unlike the spectra of the cured paint sample, the spectra of the purple glossy top layer, and
homogenized sample of Component A, sampling of Component A layers in two-pack green paint
showed distinct bands with clear separation. Polyurethane is present in both these fractions as a
prepolymer. The broad bands and sloping baselines obtained in spectra of the cured paint samples,
especially in the region between 1000800 cm’, may reflect the complexity of the final composition.
However, uncured samples from Component A were much more glossly and reflective than in the
cured paint sample. Thus, the abnormally high sloping baseline is probably also an artifact of the
sample surface morphology as well. Alternative sampling methods will be pursued in the future.

5. Conclusions

In conclusion, cool temperature plasma removal shows promise for military removal of HDI-
based paints from metal substrates. The one-pack standard moisture-cured urea paint is removed

more readily than the experimental water-reducible paints. The isocyanurate ring with associated
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hexamethylene groups and inorganic fill material such as silica and talc survive the plasma treatment
in all the paints evaluated. With the one-pack moisture-cured tan paint, the urea groups, which serve
to cross-link the polymer, are eliminated and the sample appears charred. Bands due to amide, urea,
and polyurethane persist in the spectra of the green water-reducible paints after plasma removal, and
the paint appears intact except for a slight darkening of the forest green color. Both the
water-reducible paints had unreacted isocyanate groups present in the virgin material; none was
detected in the one-pack moisture-cured tan paint. Plasma treatment may actually increase
polymerization in the two-component paint by facilitating further reaction to the biuret. Moreover,
reaction due to the plasma may be linked to the level of oxygen in the sample. Pyrolysis at 800° C
in an inert atmosphere showed that the virgin one-pack moisture-cured tan paint disintegrated, while
the water-reducible green paints were much intact. Further studies with oxygen-containing plasmas
will be pursued.

Cooltemperature plasma paint removal has an important advantage over line-of-sight techniques,
such as laser ablation, in that it is effective in difficult-to-access areas such as honeycombs and nonflat
interfaces. Since the plasma alone increases the temperature of the sample only about 10-20° C, the
likelihood of hydrogen embrittlement is minimized. In the paint removal efforts to date, no testing
for embrittlement has been performed.

Mild plasma treatment may be effective in further cross-linking military paints. Mild treatment
of the standard moisture-cured paint showed evidence that amine groups were converted to urea.
Heat treatment alone did not result in further reaction or paint removal. Paint properties that depend

on cross-linking include adhesion and resistance to impact, chemical agents, and corrosion.

N

6. Future Work

Work is already in progress on using oxygen plasmas for removal of military paints. Paints that
will be examined in the future include those with polymer, rather than siliceous, solids fill. Alternative
sampling methods will be pursued. Attenuated total reflectance (ATR) could be very powerful in
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obtaining high-quality spectra of these materials without the distortions to the baseline observed in
reflectance spectra. Also, x-ray and neutron-scattering techniques would be helpful to confirm
assignments. Hydrogen embrittlement remains a cause for concern, and future efforts would, ideally,
address that issue. Mild plasma treatment, and the effect on mechanical properties of the paint, is also

of interest, but not currently scheduled.

56



7. References

Bellamy, L. J. The Infrared Spectra of Complex Molecules, Vol. 1, Third Edition, New York:
Halsted Press, 1975.

Holst, R. W. “Strategic Environmental Research and Development Program (SERDP) Statement of
Need; Mechanisms of Coatings Degradation.” OSD, SERDP Program Office, Arlington, VA,
14 November 1997.

McClelland, J. F, R. W. Jones, S. Luo, and L. M. Seaverson. “A Practical Guide to FT-IR
Photoacoustic Spectroscopy.” Practical Sampling Techniques for Infrared Analysis, CRC
Press, pp. 107-144, 1993. .

Touloukian, Y. S., R. W. Powell, C. Y. Ho, and P. G. Klemens. “Thermal Properties of Matter.”
Vol. I, Thermal Conductivity of Nonmetallic Solids. NY-Washington: IFI/Plenum, 1970.

Turner, G. P. A. Introduction to Paint Chemistry and Principles of Paint Technology. London:
Chapman and Hall, 3rd edition, 1988.

Urs, Bhaskar. Private communication. Hentzen Coatings, Inc., Milwaukee, WI, March 1998.

57




INTENTIONALLY LEFT BLANK.

58



NO. OF

COPIES ORGANIZATION

2

DEFENSE TECHNICAL
INFORMATION CENTER
DTIC DDA

8725 JOHN J KINGMAN RD
STE 0944

FT BELVOIR VA 22060-6218

HQDA

DAMO FDQ

DENNIS SCHMIDT

400 ARMY PENTAGON
WASHINGTON DC 20310-0460

OSD
OUSD(A&T)YODDDR&ER)

R JTREW

THE PENTAGON
WASHINGTON DC 20301-7100

DPTY CG FOR RDE HQ

US ARMY MATCOM
AMCRD

MG BEAUCHAMP

5001 EISENHOWER AVE
ALEXANDRIA VA 22333-0001

INST FOR ADVNCD TCHNLGY
THE UNIV OF TEXAS AT AUSTIN
PO BOX 202797

AUSTIN TX 78720-2797

DARPA

B KASPAR

3701 N FAIRFAX DR
ARLINGTON VA 22203-1714

NAVAL SURFACE WARFARE CTR
CODE B07 J PENNELLA

17320 DAHLGREN RD

BLDG 1470 RM 1101

DAHLGREN VA 22448-5100

US MILITARY ACADEMY

MATH SCI CTR OF EXCELLENCE
DEPT OF MATHEMATICAL SCI
MAJ M D PHILLIPS

THAYER HALL

WEST POINT NY 10996-1786

59

NO. OF
COPIES ORGANIZATION

1  DIRECTOR
US ARMY RESEARCH LAB
AMSRLD
JWLYONS
2800 POWDER MILL RD
ADELPHI MD 20783-1145

1  DIRECTOR
US ARMY RESEARCH LAB
AMSRL DD
JJROCCHIO
2800 POWDER MILL RD
ADELPHI MD 20783-1145

1 DIRECTOR
US ARMY RESEARCH LAB
AMSRL CS AL TA
2800 POWDER MILL RD
ADELPHI MD 20783-1145

3  DIRECTOR
US ARMY RESEARCH LAB
AMSRL CILL
2800 POWDER MILL RD
ADELPHI MD 20783-1145

ABERDEEN PROVING GROUND

4 DIRUSARL
AMSRL CILP (305)




NO. OF

COPIES ORGANIZATION

1

10

OSD SDIO IST

L CAVENY

PENTAGON

WASHINGTON DC 20301-7100

CIA

OFC OF CENTRAL REF
DISSEMINATION BRANCH
RM GE47 HQ
WASHINGTON DC 20502

CIA

JE BACKOFEN

HQ RM 5F22
WASHINGTON DC 20505

CDR

US ARMY RESEARCH OFC
R GHIRARDELLI

D MANN

R SINGLETON

R SHAW

D KISEROW

PO BOX 12211

RSRCH TRIANGLE PARK NC
27709-2211

DIR ARMY RESEARCH OFC
AMXRO RT IP LIB SRVCS
PO BOX 12211

RSRCH TRIANGLE PARK NC
27709-2211

CDR US ARMY ARDEC
AMSTA AR AEE B

D S DOWNS

PICATINNY ARSENAL NJ
07806-5000

CDR US ARMY ARDEC
AMSTA AR AEE

J ALANNON

PICATINNY ARSENAL NJ
07806-5000

NO. OF

COPIES ORGANIZATION

3

CDR US ARMY ARDEC

AMSTA AR AEE BR L HARRIS
AMSTA AEE WE D ROBERTSON
AMSTA CCH V F HILDERBRANT
PICATINNY ARSENAL NJ
07806-5000

CDR US ARMY ARDEC
AMSTA ARWAHT

J DOMEN

BLDG 62 NORTH
PICATINNY ARSNEAL NJ
07806-5000

CDR US ARMY ARDEC
AMSTA AR AEE BR

K KLINGAMAN

BLDG 1501

PICATINNY ARSENAL NJ
07806-5000

DIR US ARMY BMD
ADV TECH CTR

PO BOX 1500
HUNTSVILLE AL 35807

CHAIRMAN

DOD EXP SAFETY BD

RM 856 C HOFFMAN BLDG 1
2461 EISENHOWER AVE
ALEXANDRIA VA 22331-0600

DA OFC OF PM

155MM HWTZR M109A6 PALADN
SFAE AR HIP IP

R DE KLEINE

PICATINNY ARSENAL NJ
07806-5000

CDR PROD BASE MOD AGNCY
US ARMY ARDEC
AMSMCPBME L LAIBSON
PICATINNY ARSENAL NJ
07806-5000



NO. OF
COPIES ORGANIZATION

3 PEO ARMAMNETS PM TMAS
AMCPM TMA K RUSSELL
AMCPM TMA 105
AMCPM TMA 120
PICATINNY ARSENAL NJ
07805-5000

3 CDR US ARMY AMCCOM
AMSMC IRC G COWAN
AMSTA AR ESM
R W FORTUNE
R ZASTROW
ROCK ISLAND IL 61299-7300

1 CDR US ARMY CECOM
R&D TECH LIB
ASQNCELCISLR
MYER CTR
FORT MONMOUTH NJ
07703-5301

1 CMDT USAAS
AVIATION AGENCY
FORT RUCKER AL 36360

1 DIR HQ TRAC RPD
ATCD MA MAJ WILLIAMS
FORT MONROE VA
23651-5143

1 HQ USAMC
AMCICP AD M F FISETTE
5001 EISENHOWER AVE
ALEXANDRIA VA 22333-0001

2 CDR US ARMY ARDEC
AMSTA AR CCD D SPRING
AMSTA AR CCS
PICATINNY ARSENAL NJ
07806-5000

2 CDR US ARMY ARDEC
AMSTAARFSAT
M SALSBURY
T GORA
PICATINNY ARSENAL NJ
07806-5000

61

NO. OF
COPIES ORGANIZATION

2 CDR USARO
TECH LIB D MANN
PO BOX 12211
RSRCH TRIANGLE PRK NC
27709-2211

1 CDR USABRDC
STRBE WC
TECH LIB VAULT
BLDG 315
FORT BELVOIR VA
22060-5606

1 CDR USA TRACFT LEE
DEFNS LOGISTICS STUDIES
FORT LEE VA 23801-6140

1 PRESIDENT
USA ARTILLERY BD
FORT SILL OK 73503

1 CMDT
USACGSC
FORT LEAVENWORTH KS
66027-5200

1 CMDT
USASWS
REV AND TNG LIT DIV
FORT BRAGG NC 28307

1 CMDT
USAFAS
STSF TSM CN
FORT SILL OK 73505-5600

1 DEP CDR SDC
SFAE SD HVL D LIANOS
PO BOX 1500
HUNTSVILLE AL 35887-8801

3 CDR USAFSTC
AMXST MC 3 S LEBEAU
C BEITER
220 SEVENTH ST NE
CHARLOTTESVILLE VA 22901

1 CMDT USAFACS
ATSF CO MW B WILLIS
FORT SILL OK 73503




NO. OF

COPIES ORGANIZATION

2

HERCULES INC

RADFORD ARMY AMMO PLANT
D A WORRELL

E SANFORD

POBOX 1

RADFORD VA 24141

USA BENET LAB
AMSTA ARCCBR

DR S SOPOK
WATERVLIET NY 12189

CDR NSSC

SEA 62R

SEA 64
WASHINGTON DC
20362-5101

CDR NASC
AIR 954 TECH LIB
WASHINGTON DC 20360

NAVAL RSCHLAB
TECHLIB
WASHINGTON DC 20375

CDR NSWC INDIAN
HEAD DIV

6210 C SMITH
6210J K RICE

6210C S PETERS
INDIAN HEAD MD
20640-5035

CDR NSWC DAHLGREN DIV
CODE G33 T DORAN
JCOPLEY

CODE G30 G&M DIV
DAHLGREN VA 22448-5000

CDR NSWC DAHLGREN DIV
CDOE G301 D WILSON

CODE G32 GUN SYSTEMS DIV
CODE E23 TECH LIB
DAHLGREN VA 22448-5000

CDR NSWC CRANE DIV
CODE 4052 S BACKER
BLDG 108

CRANE IN 47522-5000

62

NO. OF
COPIES ORGANIZATION

2 CDR NUSC ENG CONV DEPT

CODE 5B331 R S LAZAR
TECHLIB
NEWPORT RI 02840

5 CDR NSWC INDIAN HEAD DIV

CODE 270P1 E CHAN
CODE 3120 R RAST
CODE 210P1 R SIMMONS
CODE 6210 S BOYLES

N ALMEYDA

101 STRAUS AVE
INDIAN HEAD MD 20640

1 CDR NAWC
CODE 3891 A ATWOOD
CHINA LAKE CA 93555

1 CDR US ARMY ARDEC

AMSTA AR CCH J HEDDERICH

BLDG 1
PICATINNY ARSENAL NJ
07806-5000

1 OLACPL TSTL
D SHIPLETT

EDWARDS AFB CA 93523-5000

1 OFC OF NAVAL RESEARCH

DEPT OF THE NAVY

R S MILLER CODE 432
800 N QUINCY ST
ARLINGTON VA 22217

1 AFOSR
J M TISHKOFF
BOLLING AFB
WASHINGTON DC 20332

1 CMDT USAFAS
ATSFTSM CN
FORT SILL OK 73503-5600

1 USMA
DEPT OF CHEMISTRY
COL D C ALLBEE
WEST POINT NY 10996



NO. OF

COPIES ORGANIZATION

1

35

INST FOR ADVNCD TECH
DR HFAIR

UNIV OF TEXAS AT AUSTIN
PO BOX 202797

AUSTIN TX 78720-2797

THE JOHNS HOPKINS UNIV
CPIA

T W CHRISTIAN

J FILLIBEN

10630 LTLE PTXNT PKWY
STE 202

COLUMBIA MD 21044-3200

GEOCENTERS INC

K SHAW

L KANSAS

200 VALLEY RD STE 102
MOUNT ARLINGTON NJ
07856

ABERDEEN PROVING GROUND

DIR USARL
AMSRL WM B

A W HORST
AMSRL WM BC

P PLOSTINS
AMSRL WM BD

B E FORCH

W R ANDERSON

R ABEYER

S WBUNTE

C F CHABALOWSKI

A COHEN

R DANIEL

D DEVYNCK

R A FIFER

J M HEIMERL

B E HOMAN

A JUHASZ

A JKOTLAR

M MCQUAID

M S MILLER

A W MIZIOLEK

J B MORRIS

JE NEWBERRY

R A PESCE-RODRIGUEZ (8 CPS)

P REEVES
B M RICE

63

NO. OF
COPIES ORGANIZATION

R CSAUSA

M A'SCHROEDER

J A VANDERHOFF

D VENIZELOS
AMSRL WM MB

B BURNS

2 DIR USATC
STEAC TS PC B363
A RAUNIG
P MARSH



INTENTIONALLY LEFT BLANK.

‘\,

64



REPORT DOCUMENTATION PAGE oM N 07040188

ic reporting for this of information is estimated 10 average 1 r POF response, including the time ing ctions, searching existing data sources,
gathering and maintaining the data nesded, and pleting snd g the ot Bend onts tog mnmmmammmmmn
oi

wmmmmum mwmmgmmmm 'ﬂi P mdnmmsm
2 REPORT DATE. '

3 REPORT TYPE AND DATES COVERED

1. AGENCY USE ONLY {Leave blank)

October 1998 Final, Mar 97 - May 98
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
Hydrogen Plasma Removal of Military Paints: Chemical Characterization of
Samples
A—— 1L161102AH43
6. AUTHOR(S)
P. J. Kaste, R. G. Daniel, R. A. Pesce Rodriguez, M. A. Schroeder, and
J. A. Escarsega
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

U.S. Army Research Laboratory
ATTN: AMSRL-WM-BD ARL-TR-1825
Aberdeen Proving Ground, MD 21005-5066

9. SPONSORING/MONITORING AGENCY NAMES(S) AND ADDRESS(ES) 10.SPONSORING/MONITORING
AGENCY REPORT NUMBER

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTIONJAVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release; distribution is unlimited.

13. ABSTRACT (Maximum 200 words)

A moderate temperature hydrogen plasma has been developed for removal of chemical-agent-resistant (CARC)
propellant coatings, and the chemistry and morphology of the CARC removal process has been investigated. A

microwave-based plasma generator, producing a low-temperature atomic beam was used to treat the samples. The plasma
heats the sample only 10-20° C. Additional heat was supplied to maintain temperatures of 200-300° C. Helium and
hydrogen plasmas were studied in this effort. However, helium was not at all effective, showing that atomic bombardment
alone is not sufficient to remove the paint, and that chemical reactivity is needed. One of the CARC paints studied, a
conventional formulation, is on the qualified products list, while the other two formulations are experimental. Paint
variables that were studied include: one- and two-pack formulations; moisture-cured and water-reducible chemistries;
aluminum with chromate, and steel with zinc phosphate conversion coatings; and presence or absence of an adhesive
epoxy sublayer. The samples were characterized by microreflectance and photoacoustic Fourier-transform infrared
spectroscopies. Heat treatment to 300° C resulted in some degradation of the conventional CARC, but the experimental
CARC was mostly unaffected. The hydrogen plasma removed up to 50 weight-percent of the CARC layers, but was much
more effective in degrading the conventional formulation. Virtually all of the urea, amine, and polyurethane (present in
the resin as a prepolymer) functional groups were removed by the H-plasma in the case of the conventional propellant,
whereas in the experimental paints, these groups were only slightly reduced.

14. SUBJECT TERMS - 15. NUMBER OF PAGES |
hydrogen plasma, military coatings and paints, FTIR spectra, paint stripping, 71
chemical-agent-resistant coating 16. PRICE CODE
[17. SECURITY CLASSIFICATION | 16. SEGURITY CLASSIFICATION | 19. SECURITY CLASSIFIGATION | 20. LIMITATION OF ABSTRACT |
OF REPORT OF THIS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED UL
"NSN 7540-01-280-5500 Standard Form 208 (Rev, 2-89)

65 Prescribed by ANSI Std. 230-18  208-102



INTENTIONALLY LEFT BLANK.

66



USER EVALUATION SHEET/CHANGE OF ADDRESS

This Laboratory undertakes a continuing effort to improve the quality of the reports it publishes. Your comments/answers
to the items/questions below will aid us in our efforts.

1. ARL Report Number/Author, ARI-TR-1825 (Kaste) Date of Report __October 1998

2. Date Report Received

3. Does this report satisfy a need? (Comment on purpose, related project, or other area of interest for which the report will
be used.)

4. Specifically, how is the report being used? (Information source, design data, procedure, source of ideas, etc.)

5. Has the information in this report led to any quantitative savings as far as man-hours or dollars saved, operating costs
avoided, or efficiencies achieved, etc? If so, please elaborate.

6. General Comments. What do you think should be changed to improve future reports? (Indicate changes to organization,
technical content, format, etc.)

Organization

CURRENT Name E-mail Name
ADDRESS

Street or P.O. Box No.

City, State, Zip Code

7. If indicating a Change of Address or Address Correction, please provide the Current or Correct address above and the Old
or Incorrect address below.

Organization

OLD Name
ADDRESS

Street or P.O. Box No.

City, State, Zip Code

(Remove this sheet, fold as indicated, tape closed, and mail.)
(DO NOT STAPLE)




DEPARTMENT OF THE ARMY

OFFICIAL BUSINESS

BUSINESS REPLY MAIL

FIRST CLASS PERMIT NO 0001,APG,MD

POSTAGEWILL BE PAID BY ADDRESSEE

DIRECTOR

US ARMY RESEARCH LABORATORY

ATTN AMSRL WM BD

ABERDEEN PROVING GROUND MD 21005-5066

NOPOSTAGE"
NECESSARY
IFMAILED
IN THE
UNITED STATES




